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1. Introduction  
Coconut coir dust, as lignocellulosic mate-
rial, is composed of cellulose, hemicellulose, lig-
nin and ash, whose the chemical compositions 
are different in each biomass. The cellulosic 
chain has a strong connection called a β (1→4) 
glycosidic bond, and an H bond at the hydroxyl 
OH functions as a protector for sugar mono-
mers [1]. Biomass pretreatments, including lig-
nin dissolution with chemical and physical 
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techniques, have been conducted to change the 
crystalline orientation of cellulose, thus im-
proving the yield of fermentable sugar in enzy-
matic hydrolysis [2-4]. Chemical methods have 
been employed to carry out pretreatment on 
grape stalks to regain both hemicellulose and 
cellulose [5]. However, the wastewater, which 
contained chemical substances was difficult to 
be separated. The sub- and supercritical meth-
ods have disadvantages as follows: production 
cost is still very high, the technology is difficult 
to scale up to an industrial scale because of 
safety consideration [6]. 
Ionic liquid (IL) as an agent for cellulosic 
dissolution has been applied due to its superi-
ority compared to old solvents. The advantages 
are their low vapor pressure, low melting point, 
adjustable acidity, ability to be recycled and en-
vironmentally friendly properties [7, 8]. Waste 
of sugar industry called sugarcane bagasse has 
been successfully converted into fermentable 
sugars and bioethanol by introducing IL 1-
allyl-3-methylimidazolium chloride [[amim] Cl] 
technique. This ionic liquid successfully dis-
solved sugarcane bagasse (SCB), and its crystal 
index decreased by 42%, so the enzymatic hy-
drolysis efficiency was improved significantly. 
The ionic liquid pretreatment did not adversely 
predispose the fermenting process [9]. Liquefy-
ing the biomass into ionic liquid induces the 
change of the lattice orientation from high- to 
low-crystalline structures that are easily hydro-
lyzed into reducing sugar and then yeasted into 
biofuel [10-13].  
However, the price of reactants to synthe-
size ionic liquid, or manufactured ionic liquid, 
is still expensive so that it is a major hindrance 
of ionic liquid pretreatment [14]. The option to 
reduce the production cost of reducing sugar is 
to reuse of recycled ionic liquid for biomass pre-
treatment.  
Ionic liquid 1-ethyl-3-methylimidazolium di-
ethylphosphate [emim][dep] was successfully 
recycled after pretreating a pure cellulose [14].  
The SCB has been hydrolyzed into reducing 
sugar using recycled ionic liquid [amim][Cl] 
and it was found surprisingly that there was no 
significant difference of sugar yield hydrolyzed 
from substrates pretreated by new ionic liquid 
and recycled ionic liquid [9,15].   The study 
showed sugarcane bagasse could be converted 
easily into sugars employing a recycled ionic 
liquid 1-ethyl-3-methylimidazolium acetate 
[emim][oac] pretreatment. The yield of reduc-
ing sugar decreased as the number of pretreat-
ment recycles increased but the decrease was 
not significant [15].  
This work followed some steps as follows: 
manufacture of ionic liquid; substrates pre-
treatment by recycled ionic liquid, alkaline fol-
lowed by recycled ionic liquid and enzymatic 
hydrolysis of pretreated coconut coir dust into 
fermentable sugars.  The IL [mmim][dmp] was 
synthesized by the reaction of 3-methyl phos-
phate, [tmp], and 1-methylimidazole, [mim], at 
150 °C.  
The NMR (nuclear magnetic resonance) and 
FTIR (Fourier transform infra-red) analysis 
were used to verify the ionic liquid structure, 
followed by the pretreatment of coconut coir 
dust using the ionic liquid and recycled ionic 
liquid. The crystalline orientations of all sub-
strates, non-pretreated and pretreated ligno-
celluloses, were characterized by XRD. 
Finally, the pretreated and non-pretreated 
coconut dust lignocelluloses were hydrolyzed 
into reducing sugars by pure cellulase. The to-
tal reducing sugars were measured by the DNS 
(dinitrosalicylic acid) method, and the sugar 
fractions (glucose, xylose and galactose) were 
analyzed by HPLC (high-performance liquid 
chromatography). The yields or concentrations 
of reducing sugar hydrolyzed from substrates, 
which pretreated by new ionic liquid, recycled 
ionic liquid, alkaline and their combination 
were compared.  
 
2. Materials and Methods  
2.1. Material Preparation  
Coconut coir dust was obtained costless from 
a coir factory in South Minahasa, North Su-
lawesi, Indonesia. Trimethyl phosphate (≥ 
99.5%, 140.08 g/mol) and 1-methylimidazole (≥ 
99%, 82.1 g/mol) were purchased from Sigma-
Aldrich, St. Louise MO USA. The manufacture 
of the ionic liquid, 1,3-methylmethyl-
imidazolium dimethyl phosphate, followed pro-
cedure which was based on previously reported 
techniques [16-18].  
The steps of synthesizing IL, are: reactants, 
[tmp] and (mim) were weighed to form the 
identical molar substance  and the reactor was 
purged by N2 gas for 5 min to remove water va-
por. The (tmp) and (mim) were reacted inside 
round bottom flask at normal conditions, one 
bar, temperature at 150 oC for 15 h under vig-
orous stirring. The IL synthesis was exother-
mic, second order reaction and was simplified 
as follows:  
(mim) + (tmp) → (mmim)(dmp) (1) 
 
Table 1 shows the amount of reactants and 
IL product in an identical molar reaction, 
whose it is exothermic characterization, second 
order reaction. 
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The verification of IL structural characteri-
zation was performed by 1H NMR 
(JNE/ECS/400MHz-JEOL, Japan). The proce-
dure of this work is shown in Figure 1. There 
were two ways  in this pretreatment until fer-
mentable sugars as follows: the substrate was 
treated firstly by alkaline for delignification 
and the substrate was directly treated by fresh 
or recycled ionic liquid.  
Six grams of the lignocellulosic material, 
120 mesh, was mixed in 250 ml one percent al-
kaline  at 80 °C for 16 h, and then the solid was 
washed with hot water. The next step was pre-
treatment of lignocellulose using the new ionic 
liquid and recycled ionic liquid as developed in 
a previous work [14]. One hundred milliliters of 
the new ionic liquid, or recycled ionic liquid 
[mmim][dmp] was added to 6 grams coconut 
coir dust, and the temperature was increased to 
120 °C for 15 h. After dissolution, anti-solvent 
(ethanol) was mixed into the solution to recover 
the solids, cellulose and hemicellulose. The 
residue was screened with Whatman filter pa-
per via reduced pressure and washed with hot 
water to remove the ionic liquid/ethanol rem-
nants. The wastewater, which containing ionic 
liquid and ethanol after pretreatment, was 
separated their components based on differen-
tial boiling points using the simple distillation.  
The efficiency of the recycled ionic liquid 
was calculated as the ratio the recycled ionic 
liquid and new ionic liquid volume. The recy-
cled ionic liquid was reused twice for coconut 
coir dust pretreatment and followed by wash 
steps as described previously.  
The combination method, NaOH+R*IL, or 
NaOH+IL as follows: alkaline-treated substrate  
was mixed with fresh- or recycled-ionic liquid 
for dissolution of cellulose followed by the pre-
cipitation and also wash steps, whose proce-
dure was similar to previous method.  
After pretreatment conducted, the chemical 
composition of coconut coir dust was analyzed 
by using the Chesson method [19]. This method 
was to carry out a comparative calculation of  
chemical compositions of cellulose, hemicellu-
lose, lignin and other components of treated 
substrates and control (without pretreatment).  
An X-ray diffraction (Philips X’Pert X-Ray 
Diffractometer) was performed to study the 
crystalline orientations both of treated and un-
treated coconut coir dust, that analysis of the 
XRD pattern of peaks referred to described 
techniques [20].  
 
2.2. Enzymatic Hydrolysis 
Enzymatic hydrolysis of pretreated- and un-
pretreated-substrates was conducted by four 
times sampling each point that procedure 
adapted and followed as reported previously 
[10-12, 21]. The substrate (1 gram, 120 mesh) 
was added into a suspension solution, sodium 
acetate buffer (pH 3, 30 ml, 0.1 M) inside an 
Erlenmeyer reactor.  
The incubation of suspension solution took 
place in an oil bath at 60 °C under medium 
stirring for 48 h. The enzymatic reaction, which 
converted substrate into reducing sugar, was 
initiated when 0.2 ml pure cellulase from A. ni-
ger (Sigma-Aldrich,St. Louis, MO, USA) was 
added into suspension. The pH was set to 3.0 
with adding sodium citrate or citric acid. Two 
0.2 ml sugar liquids were sampled periodically 
and mixed with 1.8 ml pure water and 3.0 ml 
Bulletin of Chemical Reaction Engineering & Catalysis,  10 (1), 2015, 10 
Copyright © 2015, BCREC, ISSN 1978-2993 
High-lignin lignocellulose 














Figure 1.  Diagram of the process, with deli 
nification (using NaOH) and non-
delignification in the preparation of reducing 
sugar hydrolyzed from treated-coconut coir 
dust. 
Table 1. Amount of reactants and IL product in 
identical molar reaction 
Quantity (tmp) (mim) 
(mmim) 
(dmp) 
Mol 1 1 1 
Molecule mass 
(g/mol) 
140.08 82.19 222 
Density (g/ml) 1.20 1.03 1.24 
Mass (g) 140.08 82.19 222 
Volume (ml) 118.21 80.60 178.46 
 
DNS solution. The amount of sugar was meas-
ured by the DNS method. The second step was 
to conduct an enzymatic hydrolysis of IL-
treated substrates and R*IL-treated substrates 
using mixture of pure cellulase+xylanase that 
procedure as described previously. 
 The proportion of the various fractions 
(glucose, xylose and lactose) was determined by 
HPLC with a Waters 1515 Isocratic HPLC 
pump, 2414 refractive index detector and 
Aminex HPX87P column (Bio-Rad, CA). Resin 
ionic form: hydrogen and support: sulfonated 
divinyl benzene-styrene copolymer 8% cross 
linkage. Particle size: 9 micro-meter, tempera-
ture 80 oC, mobile phase: pure water and flow 
rate was of 0.6 ml/min. Standard concentration 
(in g/l) for STD-P1, STD-P2 and STD-P3 were 
glucose: 5.023, 2.511, 1.256; Xylose: 5.014, 
2.507, 1.253; and galactose: 5.051, 2.525, and 
1.263. 
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3.   Results and Discussions 
3.1. Characterization of the ionic liquid 
[mmim][dmp] 
The structural confirmation and chemical 
bonds of fresh ionic liquid [mmim][dmp]  were 
verified by NMR using solvents, chloroform and 
DMSO as shown in Figure 2 and Figure 3. The 
1H NMR spectra exhibited average chemical 
shifts of d=[9.68(NCHN), 7.54 (NCHCHN), 3.75 
(H3CNCHNCH3), 3.24 (P(OCH2OCH3)2)] ppm.  
FTIR diagram displayed ionic liquid struc-
ture with frequencies: 3444.00 /cm, =C−H; 
1577.50 and 1385.60 /cm, C=N; 748.246 /cm, 
imidazole ring; 1520.60-1575.50 /cm, P=O; 
(1043.33-1226.50) /cm, P-OR as shown in Fig-
ure 4. Some authors have studied the chemical 
shifts and frequencies in that figure as previ-
ously published [14, 18].   
The recycled ionic liquid [mmim][dmp] also 
was verified by NMR employing DMSO solvent 
Figure 2.  NMR Spectra of ionic liquid [mmim][dmp] using chloroform-D solvent 
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Figure 4.  FTIR spectrum of 1,3-methylmethylimidazolium dimethyl phosphate 
Figure 3.  NMR Spectra of ionic liquid [mmim][dmp] using DMSO-D6 solvent 
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Fresh IL (1H,s,NCHN), 9.68 Average values of chloroform 
and DMSO solvents 
(2H,m,NCHCHN), 7.54 
(6H,s,H3CNCHNCH3 3.75 
(6H,d,P(OCH2 OCH3)2) 3.24 
Recycled IL (1H,s,NCHN), 9.35 DMSO solvent 
(2H,m,NCHCHN), 7.69 
(6H,s,H3CNCHNCH3 3.81 
(6H,d,P(OCH2 OCH3)2) 3.21 
Figure 5.    NMR Spectra of recycled ionic liquid [mmim][dmp] using DMSO-D6 solvent 
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as shown in Figure 5. The chemical shifts of the 
1H NMR spectra of recycled ionic liquid were: 
d=[9.35 (NCHN), 7.69 (NCHCHN), 3.81 
(H3CNCHNCH3), 3.21 (P(OCH2 OCH3)2)] ppm.  
Table 2 shows the comparison of NMR 
chemical shifts of groups in fresh- and recycled-
ILs (mmim)(dmp) used in this work.  These 
data show the spectra of chemical shifts of 
fresh- and recycled ionic liquids are very close 
each other.  However, there was other broad 
peak appearing between peaks of 
[H3CNCHNCH3] and [P(OCH2 OCH3)2] in recy-
Figure 6. XRD pattern of substrates pretreated by NaOH, IL, NaOH+IL and without pretreat-
ment. 
















Control hemicellulose 17.87 - 17.61 17.71 17.73 0.13 
cellulose 26.68 - 26.60 26.89 26.72 0.15 
lignin 41.20 - 41.17 41.19 41.19 0.02 
others 14.24 - 14.63 14.21 14.36 0.23 
NaOH hemicellulose 19.68 20.37 20.54 20.81 20.35 0.59 
cellulose 37.68 43.44 43.72 42.39 41.81 3.44 
lignin 26.33 25.43 25.16 25.06 25.49 0.71 
others 16.35 10.77 10.59 11.74 12.36 3.32 
IL hemicellulose 25.07 - 25.29 25.35 25.24 0.15 
cellulose 21.88 - 20.35 21.80 21.34 0.86 
lignin 45.93 - 43.49 42.77 44.06 1.65 
others 7.12 - 10.87 10.08 9.36 1.98 
NaOH+IL hemicellulose 19.84 19.84 19.41 19.58 19.67 0.26 
cellulose 37.88 41.88 43.42 44.69 41.97 3.62 
lignin 28.97 28.97 25.93 26.88 27.69 1.88 
others 13.30 9.30 11.24 8.86 10.68 2.49 
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[mmim][dmp] and its crystalline structure was 
modified to amorphous structure, cellulose II. 
The cellulose II, which was modified to amor-
phous structure was easy attacked by enzyme 
in hydrolysis process producing fermentable 
sugars, so the yield of sugar improved signifi-
cantly as previously published authors [7, 14, 
27, 31]. 
Chesson method was performed to analyze 
the compositions of cellulose, hemicellulose, 
and lignin in coconut coir dust [19]. Table 3 
shows the chemical compositions of substrates 
after pretreatment and without pretreatment, 
as control.  
The chemical contents of untreated coconut 
coir dust were of 26.72 percent cellulose, 17.73 
percent hemicellulose and 41.19 percent lignin. 
After pretreatment, some lignin was removed 
significantly. The highest lignin removal was 
found that after coconut coir dust pretreated by 
NaOH and NaOH+IL. In contrast, pretreat-
ment of IL showed the lowest lignin removal, 
which was relatively similar to control.  The 
highest content of cellulose was obtained from 
NaOH pretreatment followed by ionic liquid at 
of 41.97 percent and the lowest cellulose ob-
tained from the ionic liquid pretreatment was 
of 21.34 percent. The content of hemicellulose 
obtained from the ionic liquid pretreatment 
was of 25.24 percent.  
Results indicated that ionic liquid could not 
dissolve maximum nor could transform the 
crystalline structure of substrate, which has 
high lignin, to amorphous for lignin impeded 
the electrostatics interaction between ionic liq-
uid and cellulose to form uniform solution. 
Based on this finding, it was necessary the 
high-lignin lignocellulose was treated firstly by 
alkaline to dissolve lignin and then was pro-
ceeded ionic liquid pretreatment. 
Other report showed the chemical composi-
tion of coconut coir without pretreatment is dif-
ferent slightly compared to that present work. 
The origin and maturity level influenced to the 
chemical composition of coconut coir lignocellu-
loses [32].  
The present work that the chemical compo-
sitions of recycled ionic liquid-pretreated sub-
strates were not conducted. The current report, 
however, showed the chemical compositions of 
substrates pretreated by recycled ionic liquid 
and fresh ionic liquid were not different signifi-





cled IL, which did not exist in the fresh ionic 
liquid spectra. It could be lignin, which dis-
solved into ionic liquid. Actually, lignin has 
complicated NMR signals since it has many 
groups. However, the dominant NMR signals of 
lignin are assigned to protons in C-H of meth-
oxyl groups that have chemical shift 3.70-3.81 
ppm [23,24]. Even though there were impuri-
ties, recycled ionic liquid was still good enough 
to conduct pretreatment of biomass. 
 
3.2. Characterization of Pretreated Coco-
nut Coir Dust   
An XRD characterization was performed to 
analyze the crystalline structure of substrates. 
In this investigation, XRD patterns were inves-
tigated at distinct three angles, 2θ = 16.00o, 
22.00o, and 35.00o, which correlated to reflector 
planes of (101), (002) and (040) in the cellulosic 
crystal as shown in Figure 6 [20-22,25-26].   
After pretreatment with one percent alka-
line (1% NaOH) and recovery, the diffraction 
pattern of coconut coir dust was typical of cellu-
lose I, whose the properties are nearby to those 
of original cellulose, with a high structure and 
very clear peaks at the angles (16.00o, 22.00o 
and 35.00o) as explained above. These findings 
were close and comparable to previously re-
ported studies [20, 27-29]. The improvement in 
the crystallinity of substrate pretreated with 
alkaline condition was due to the dissolution of 
lignin and hemicellulose.  
Generally, lignin, which acts as a shield of 
cellulose is connected via OH groups each 
other. Alkaline solution can dissolve lignin so 
that cellulose is exposed as follows [30]:  
 
fiber-OH + NaOH → fiber-O-Na+ + H2O  (2) 
 
After alkaline followed by ionic liquid pre-
treatment (NaOH+IL), the peak (002) declined 
significantly, and the peak (101) almost dimin-
ished, relating to the change of the substrate 
from cellulose I to cellulose II, which has a low 
crystallinity (amorphous structure).  There was 
also a shift of the peak, approximately 0.50o to 
the right, which meant that the lattice ex-
panded after pretreatment.  
The curve of IL-treated substrate over-
lapped with untreated substrate graph. It was 
indicative that ionic liquid did not work maxi-
mum to dissolve cellulose and hemicellulose be-
cause of high-lignin substrate. 
The ionic liquid, high polarity, which con-
sists of cations and anions, interacts electri-
cally with cellulose. In this process, NaOH-
treated cellulose was dissolved in ionic liquid 
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3.3. Enzymatic hydrolysis of coconut coir 
dust pretreated by recycled ionic liquid 
[mmim][dmp] using a single cellulase 
This section is to report the effect of recy-
cling of IL [mmim][dmp] on pretreatment of co-
conut coir dust and compared to that of fresh 
IL, alkaline and their combination. The recy-
cling of ionic liquid is necessary that aims to re-
duce the cost of sugar manufacturing as the 
price of the ionic liquid is still expensive.   
The technique of ionic liquid recycling was 
simple by using the simple distillation appara-
tus and operating at temperature of 120 oC. Ta-
ble 3 shows the efficiency of recycled ionic liq-
uid after being used on the pretreatment of co-
conut coir dust for ionic liquid and NaOH+IL 
methods. It was found that the efficiency of re-
cycled ionic liquid (R*IL) after being separated 
from waste of IL and NaOH+IL pretreatments 
of coconut coir dust, was still high, 78.0-98.5 
percent. While, the other report showed that 
the efficiency of recycled IL was of 85-90 % [9, 
15].   
The recycled ionic liquid was reused for pre-
treatment and was continued with enzymatic 
hydrolysis. The recycled ionic liquid was reused 
twice for pretreatment coconut coir dust and 
that result was compared to fresh ionic liquid 
pretreatment.  
The enzyme preparation and calculation of 
standard curves for glucose, xylose and total re-
ducing sugar followed and adapted from the 
standard method [33]. The first investigation 
was the treated substrates and untreated sub-
strate hydrolyzed to sugar using single cellu-
lase for 48 h. The TRS (total reducing sugar) 
concentration obtained from coconut coir dust 
pretreated with fresh IL was 2.74 g/l, higher 
than that of the non-pretreated substrate at 
2.10 g/l as shown in Table 5 and Figure 7.  
When recycled ionic liquid employed in pre-
treatment, there was no significant difference 
between the TRS converted from  substrates 
pretreated with the first recycled IL (1R* IL) or 
the second recycled IL (2R*IL) and fresh IL. 
The amount of sugar released from 1R*IL-, 
2R*IL-treated substrate was  2.15 g/l decrease 
slightly 7.41 percent from fresh IL-treated sub-
strate recorded at 2.74 g/l.  
The results showed that fresh, or recycled 
ionic liquid pretreatment could not increase 
significantly the digestibility of enzymatic hy-
drolysis since the lignin was still connected the 
cellulose and hemicellulose as source of sugars, 
which related with XRD analysis and chemical 
composition of substrates.  
The TRS concentration of regenerated coco-
nut coir dust increased significantly after pre-
treatment combination, NaOH+IL and 
NaOH+R*IL as shown in Figure 8. The amount 
of TRS liberated from NaOH+IL- and 
NaOH+1R* IL-pretreated substrates were 4.00 
g/l and 3.86 g/l, respectively, and the TRS re-
leased from NaOH+2R*IL-pretreated substrate 
was 3.77 g/l.  
The amount of sugar released enzymati-
cally, increased after substrates were treated 
by NaOH+IL-, or NaOH+R*IL, whose crystal-
line structure was amorphous, cellulose II 
which was easy attached by enzymes. Alkaline 
pretreatment caused dissolution of lignin so 
cellulose exposed, therefore ionic liquid dis-
solved cellulose easily to modify the substrate.  
The first yield of enzymatic hydrolysis is de-
fined as mass of total reducing sugar obtained, 
TRS (in gram) per mass of dried coconut coir 
dust, CCD (in gram). Mass of TRS was calcu-
lated by using formula TRS concentration mul-
tiplied by suspension volume. The second yield 
is  ratio between mass of TRS and mass of T 
TRS (theoretical total reducing sugars) ob-
tained from the chemical composition 
(cellulose+hemicellulose) of native coconut coir 
dust. For original coconut coir dust, T TRS was 
Table 4. Efficiency of recycled ionic liquid, 
the first recycled ionic liquid (1R*IL) and  the 
second recycled ionic liquid (2R*IL) 
Pretreatment 
Efficiency 
Initial 1R* 2R* 
IL 100 98 78 
NaOH+IL 100 98.5 91.5 
Figure 7. Time course of the effect of pretreat-
ment methods on enzymatic hydrolysis (60  °C for 
48 h) using single cellulase of coconut coir dust 
pretreated by fresh IL, [mmim][dmp], the first 
recycled, 1R* IL and the second recycled, or 2R* 
IL at 120 °C for 15 h. 
 
Bulletin of Chemical Reaction Engineering & Catalysis, 10 (1), 2015, 17 
Copyright © 2015, BCREC, ISSN 1978-2993 
lulose+hemicellulose for the similar substrate.  
Enzymatic hydrolysis of 1R* IL- and 2R* IL-
pretreated substrates resulted similar yield at 
0.06 g sugar / g dried lignocellulose or 0.15 g 
sugar / cellulose + hemicellulose using DNS, 
while HPLC method gave yields 0.13 and 0.12 g 
sugar / cellulose + hemicellulose for the same 
substrates. 
Table 5. The yield and HPLC measurement of enzymatic hydrolysis using a single cellulase and 
mixture of cellulase+xylanase of recycled IL-pretreated substrate, compared with those of IL-
pretreated, NaOH-pretreated substrates and their combination for 48 h 
Pretreatment 
cellulase Cellulase+xylanase 











(1) (2) (1) (2) (1) (2) 









g.CCD g.T.TRS g.CCD g.T.TRS g.CCD g.T.TRS 
Control 0.83 0.02 0.04 0.88 0.03 0.06 2.10 0.06 0.15 2.72 0.08 0.19 
IL 1.26 0 0.38 1.64 0.05 0.11 2.74 0.08 0.19 3.17 0.10 0.22 
1R* IL 1.16 0.20 0.54 1.89 0.06 0.13 2.15 0.06 0.15 3.34 0.10 0.23 
NaOH 1.56 0.11 0.64 2.31 0.07 0.16 3.63 0.11 0.25 3.83 0.11 0.27 
2R* IL 1.27 0 0.52 1.78 0.05 0.12 2.15 0.06 0.15 2.54 0.08 0.18 
NaOH+IL 1.32 0.13 0.62 2.07 0.06 0.14 4.00 0.12 0.28 4.64 0.14 0.32 
NaOH+1R*IL 1.72 0.16 0.68 2.56 0.08 0.18 3.86 0.12 0.27 3.87 0.12 0.27 
NaOH+2R*IL 1.59 0.17 0.63 2.38 0.07 0.17 3.77 0.11 0.26 3.55 0.11 0.25 
Figure 8. Time course of the effect of pre-
treatment methods on enzymatic hydrolysis 
(60 °C for 48 h) introducing single cellulase of 
coconut coir dust pretreated by alkaline fol-
lowed by fresh IL (NaOH+IL), alkaline fol-
lowed by the first recycled IL (NaOH+1R* IL) 
or alkaline followed by the second recycled IL 
(NaOH+2R* IL) at 120°C for 15 h. 
0.26 multiplied by the weight of the dried CCD 
plus 0.17 multiplied by the weight of dried CCD.  
HPLC measurement was performed to verify 
the result from DNS measurement and to ana-
lyze the type of reducing sugar which converted 
from substrates. The sugars obtained were 
dominated by glucose, xylose and galactose.  
Table 5 describes the yields of sugars meas-
ured by HPLC and DNS resulted from enzy-
matic hydrolysis of recycled IL- fresh IL-, 
NaOH-pretreated substrates and their combina-
tion with alkaline, NaOH+IL, NaOH+R*IL, us-
ing single cellulase and mixture of cellu-
lase+xylanase  for 48 h. 
Generally, the yield or amount of sugar 
measured by DNS is higher than that of HPLC 
method. DNS method measures the total con-
tent of sugars in liquid without informing types 
of sugar. While, HPLC measurement depends 
on its sensor sensitivity. In this study, HPLC 
equipment used was only capable detecting 
three sugars-glucose, galactose and xylose so it 
resulted the lower sugar concentration com-
pared to that performed with DNS. As an exam-
ple, the amount of sugar derived from untreated 
substrate (control) using HPLC was 0.88 g/l 
lower than that performing DNS method re-
corded at 2.10 g/l. 
The yield of sugar released from IL-treated 
substrate was 0.11 g sugar / g cellu-
lose+hemiselulosa, or 0.05 g sugar / g dried sub-
strate measured HPLC. When DNS method ap-
plied, the yield of sugar was 0.19 g sugar / g cel-
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The sugars liberated from NaOH+IL-, 
NaOH+1R*IL- and  NaOH+2R*IL-pretreated 
substrates generated yield  0.28, 0.27, and 0.26 
g sugar/g cellulose+hemicellulose, respectively. 
HPLC measurement resulted 0.14, 0.18 and 
0.17 g sugar / g cellulose+hemicellulose.  
The data show that the yields of sugar re-
leased from substrate treated by recycle ionic 
liquid, or combination of alkaline and recycled 
ionic liquid were relatively still as high as com-
pared to that treated by fresh IL and NaOH fol-
lowed by new IL. 
Other research demonstrated that the yields 
of enzymatic hydrolysis of IL-pretreated sub-
strates and recycled-treated substrates  dif-
fered slightly 2-10 percent [15]. When recycled 
IL treated on wheat straw the yield of sugar 
changed very small at 0.1 percent from that 
fresh ionic liquid pretreatment observed [34].  
This study also showed that the optimum 
method for high-lignin substrate was alkaline 
followed by IL (NaOH+IL) and alkaline fol-
lowed by recycled IL (NaOH+R*IL), which gave 
the highest yield of sugar. This results corre-
lated with structure of NaOH+IL-treated sub-
strate, cellulose II (amorphous) which was very 
easy digested by enzymes converted to sugar.  
 
3.4 Effect of recycled IL on enzymatic hy-
drolysis of coconut coir dust using the 
mixture of  cellulase and xylanase 
This study also conducted an analysis the 
effect of recycled IL [mmim][dmp] on enzymatic 
hydrolysis of substrate using mixture of cellu-
lase and xylanase.    
Figure 9 shows the effect of pretreatment 
methods on enzymatic hydrolysis of coconut 
coir dust pretreated by fresh ionic liquid, first 
recycled and the second recycled ionic liquid 
employing the mixture of cellulase and xy-
lanase for 48 h, which were also shown in Table 
5. 
The total reducing sugar concentration ob-
tained from enzymatic hydrolysis of substrate 
pretreated by new ionic liquid was  3.17 g/l as 
the yield was 0.22 g sugar / g cellu-
lose+hemicellulose. If substrates pretreated by 
1R* IL and 2R* IL, the total reducing sugar lib-
erated from substrates were of 3.34 g/l and 2.54 
g/l, whose yields were 0.23 and 0.18 g sugar / g 
cellulose+hemicellulose, respectively. 
The effect of pretreatment methods on enzy-
matic hydrolysis using mixture of cellu-
lose+xylanase of coconut coir dust pretreated 
by NaOH+IL, NaOH+1R*IL or NaOH+2R* IL 
at 120 °C is shown in Figure 10. The sugar re-
leased enzymatically from substrate pretreated 
by alkaline followed by new ionic liquid, 
NaOH+IL was of 4.64 g/l that was equal to 
yield 0.32 g sugar / g cellulose+hemicellulose.  
The substrates treated by NaOH+1R*IL and 
NaOH+2R*IL produced sugar 3.87 g/l, 3.55 g/l, 
respectively, which declined slightly from pre-
vious method using alkaline and fresh ionic liq-
uid. The yields of digestibility   of  these recy-
cled IL-treated substrates were 0.27 and 0.25 g 
 Figure 9. The effect of pretreatment meth-
ods on enzymatic hydrolysis (60 °C for 48 h) 
employing mixture of cellulase+xylanase of 
coconut coir dust pretreated by fresh IL 
[mmim][dmp], the first recycled IL, 1R* IL 
and the second recycled IL, or 2R*IL at 120°C 
for 15 h. 
Figure 10. The effect of pretreatment methods 
on enzymatic hydrolysis (60 °C for 48 h) using 
mixture of cellulase+xylanase of coconut coir 
dust pretreated by alkaline followed by fresh IL 
(NaOH+IL), alkaline followed by the first recy-
cled IL (NaOH+1R* IL) or alkaline followed by 
the second recycled IL (NaOH+2R* IL) at 120°C 
for 15 h. 
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sugar/g cellulose+hemicellulose, which de-
creased small as the numbers of recycling in-
creases which was comparable to reported au-
thors [15].   
Generally, TRS hydrolyzed from treated 
substrates using mixture of enzyme is slightly 
higher than that using single enzyme. The sin-
gle cellulase only attacks cellulose chain to lib-
erate glucose, galactose sugars, while the mix-
ture of enzymes (cellulase+xylanase) work to-
gether; cellulase attacks cellulose to release 
glucose, galactose and xylanase trims hemicel-
lulose to produce xylose sugars [35]. 
This study emphasized on the effect of recy-
cled ionic liquid pretreatment on coconut coir 
dust. The results obtained that there were no 
significant differences of amount of sugar liber-
ated from coconut coir dust pretreated by recy-
cled ionic liquid and new ionic liquid. The same 
trend was shown by NaOH+IL-substrate and 
NaOH+R*IL-substrates, whose they liberated 
amount of sugars with small differences as pre-
viously described.  
For recycled ionic liquid pretreatment, these 
results are similar to previous work as de-
scribed reports [15, 34, 36]. The high-lignin lig-
nocellulose, such as coconut coir dust, produced 
less sugar than other lignocellulosic materials, 
such as sugarcane bagasse or poplar wood, that 
has lower lignin contents [34-39].  
This invention shows that the recycled ionic 
liquid, which used for biomass pretreatment, is 
critical option to reduce the production cost of 
reducing sugar and bioethanol for industrial 
scale, which will be elaborated in sub section 
3.5.  
 
3.5. Economic analysis of consumables 
cost drivers 
The pretreatment of biomass is the most im-
portant step of overall stages in sugar produc-
tion. Pretreatments using ionic liquid has at-
tracted recently since their advantages to mod-
ify the crystalline structure and to dissolve lig-
nin enhancing enzymatic hydrolysis [27-29]. 
However, IL based pretreatment is necessary 
to improve and then to know some cost drivers 
in order to reduce the production cost and to re-
alize the industry scale. 
In this section was only to analyze of cost 
driver variables, consumable expenditure in-
cluding electricity, contributing to the overall 
cost of sugar preparation converted from coco-
nut coir dust pretreated by recycled IL, fresh 
IL, alkaline and their combination. It would 
understand about percentage distribution of 
cost driver variables in the lab scale and would 
be base line for the next industry scale. This 
study assumed that all consumables used were 
industry grade produced by China companies, 
w h i ch  w e r e  a v a i l a b l e  v i a  w e b 
www.alibaba.com/trade. 
The present study, IL-based method was 
employed by using “water-wash” (WW) path, 
whose enzymatic hydrolysis was free-ionic liq-
uid. Prior to enzymatic hydrolysis, the IL-
treated substrate should be washed using wa-
ter until it was neutralized [40, 41]. This proc-
ess, modified WW path, was used two proc-
esses, delignification (NaOH) and without alka-
line pretreatments of biomass as shown in Fig. 
1. 
To reduce the production cost of reducing 
sugar, IL was synthesized ourselves reacting 
[mim] and [tmp] prior to conducted pretreat-
ment and enzymatic hydrolysis as described 
previously. The price of industrial grade con-
sumables, electricity, cost per kg biomass and 
percentage of cost drivers were shown in Table 
6. In the present work, lab scale, 160 grams of 
water were used to wash 1 gram of treated bio-
mass. The ionic liquid employed on substrate 
pretreatment was 21 ml per 1 gram coconut 
coir dust. One gram enzyme was introduced to 
prepare 100 ml buffer, or 1/20 gram enzyme per 
one gram treated biomass. The mass of alkaline 
used in experiment was 0.2 gram per 1 gram 
untreated biomass.   
The price of reactants to synthesize ionic liq-
uid product is still expensive. In this analysis 
found that the recycle of ionic liquid is the most 
important of preparation steps of fermentable 
sugars, which contributed on the highest reduc-
tion of the cost.  
The cost of (mim) reactant was US$ 7.77 per 
kg biomass, which the highest percentage of 
cost driver of 88.58 percent. On the WW path, 
usage of water was much and then contributed 
on production cost at US$ 0.032 per kg bio-
mass, or 0.36 percent of cost driver. Electricity 
generated the cost driver was at 6.02 percent, 
which was the second place of cost drivers, or it 
was US$ 0.53 per kg substrate. The total cost of 
consumables expenditures, including electricity 
found was US$ 8.77 per kg for NaOH+IL-
treated lignocellulose.  
Table 7 shows the total cost per kg biomass 
and the total cost per kg sugar hydrolyzed from 
coconut coir dust pretreated by new IL, recy-
cled-IL, alkaline and their combination based 
on yield (2) using mixture of enzymes. The total 
cost per kg biomass was calculated from sum-
ming the cost of consumables per kg biomass 
contributing the overall cost. For example, total 
cost per kg biomass of control, or without pre-
treatment, was only US$ 0.79, which the result 
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of expenditures summing of  citrate acid, so-
dium citrate, enzymes and electricity. While 
the total cost per kg sugar was obtained by di-
viding the total cost per kg biomass with yield 
(2) of sugar multiplied by mass of cellu-
lose+hemicellulose, 
The highest cost discovered was US$ 91.79 
per kg sugar (or US$ 8.68 per kg biomass) for 
fresh IL pretreatment and the second place was 
US$ 63.74 per kg sugar of NaOH+IL-treated 
substrate. When recycled IL employed, the cost 
declined extremely, which was similar to other 
authors report [36]. The 1R* IL- and 2R* IL-
treated substrates generated the production 
cost US$ 8.27, US$ 10.57 per kg sugar, respec-
tively. The production costs of sugar hydrolyzed 
from NaOH+1R*IL- and NaOH+2R*IL-treated 
substrates were US$ 7.80, US$ 8.43 per kg 
sugar, respectively, assuming ethanol recovery 
100%.  
The extreme decrease of cost production was 
caused by no expenditure of reactants, (mim) 
and (tmp), which mostly dominated of the cost.  
While substrate treated by alkaline, as one 
of conventional methods, the cost was US$7.80 
per kg sugar, or US$ 0.91 per kg biomass. Al-
though alkaline pretreatment gave low produc-
tion cost of fermentable sugar, it could not be 
recycled. 
These findings revealed that the reduction 
cost of sugar preparation hydrolyzed from high-
lignin substrate pretreated by IL depended on 
how many conducting the recycling of ionic liq-
uid and how reducing of reactant (mim) price 
that mostly dominating the all of cost drivers. 
In laboratorium scale, the preparation of reduc-
ing sugar hydrolyzed from coconut coir dust 
treated by fresh ionic liquid or combination 
with alkaline, was not feasible.  
However, by recycling the ionic liquid, and 
increasing the capacity, the cost of sugar pro-
duction would decrease significantly and that 
could be considered for the next scale up as pre-
viously reported [40, 41]. It was identified that 
the cost drivers contributed on sugar produc-
tion converted from coconut coir dust mostly 
were (mim), electricity, citrate acid and (tmp) 
reactant. In the next work, the critical option to 
Table 6. The cost per kg biomass and percentage of cost driver variables in the present work using 









(US$/kg)* (g/g) (US$/kg) (%) 
1 MIM (Methylimidazole) 1.00 7.77 7.77 88.58 
2 TMP (Trimethyl Phosphate) 0.0072 13.24 0.095 1.09 
3 Ionic liquid 0.00 21 0 0 
4 Sodium Hydroxide 0.44 0.2 0.088 1.00 
5 Citrate acid 1.20 0.17 0.20 2.33 
6 Sodium citrate 0.85 0.062 0.053 0.60 
7 Enzymes (cellulase, xylanase) 0.003 0.05 0.00015 0.0017 
8 Water 0.0002** 160 0.032 0.36 
9 Raw material 0.00 0.00 0.00 0.00 
10 Electricity ** 0.00 0.00 0.53 6.02 
Total 8.77 100 
Note: *FOB;  ** East Java price  
Table 7. Total cost/kg biomass and cost per kg 
sugar hydrolyzed from coconut coir dust of vari-
ous pretreatments in laboratorium scale with 





sugar Pretreatments  
(US$/kg ) (US$/kg ) 
1 Control 0.79 9.62 
2 IL 8.68 91.79 
3 NaOH 0.91 7.80 
4 1R*IL 0.82 8.27 
5 2R* IL 0.82 10.57 
6 NaOH+IL 8.77 63.74 
7 NaOH+1R* IL 0.91 7.80 
8 NaOH+2R* IL 0.91 8.43 
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reduce the production cost is to recover the 
valuable lignin from wastewater. To minimize 
the electrical cost, the reactors of hydrolysis, 
pretreatment and recycling should be inte-
grated and established the continuous system 
in order to increase the efficiency. 
 
4. Conclusions 
Reducing sugars have been successfully hy-
drolyzed from high-lignin lignocellulose from 
coconut coir dust pretreated by recycled ionic 
liquid, alkaline solution and their combination. 
The findings found that the yield, or concentra-
tion of sugar hydrolyzed from high lignin sub-
strate pretreated by recycled ionic liquid was 
relatively similar to those of substrates pre-
treated by fresh ionic liquid. Analysis of cost 
driver variables found that recycling of ionic 
liquid was most important point to reduce the 
production cost of sugar from high-lignin ligno-
cellulose, coconut coir dust. 
 
Acknowledgments 
This research was funded by a research 
grant through the Higher Education Depart-
ment of Indonesia 2013-2014. The authors ex-




[1]  Hon, D.N.-S. & Shiraishi, N., (2001). Wood 
and Cellulosic Chemistry. 2nd ed., Marcel Dek-
ker Inc,. New York Basel, 83-105. 
 [2] Chunping, Y.,  Zhiqiang, S., Guoce, Y.,  Jian-
long, W. (2008). Effect and after Effect of  g 
Radiation Pretreatment on Enzymatic Hy-
drolysis of Wheat Straw. Bioresource Technol-
ogy, 99: 6240-6245. 
[3]  Kumar, S., Gupta, R., Lee, Y.Y., Gupta, R.B. 
(2010).  Cellulose Pretreatment in Subcritical 
water: Effect   of Temperature on Molecular 
Structure and Enzymatic Reactivity. Biore-
source Technology, 101: 1337-1347.  
[4]  Zhu, S.,  Wu, Y., Chen, Q., Yu, Z., Wang, C., 
Jin, S., Dinga, Y.,  Wuc G. (2006).  Dissolution 
of Cellulose with Ionic Liquids and its Appli-
cation: a Mini-Review. Green Chemistry, 8: 
325-327. 
[5]  Spigno, G.,  Pizzorno, T.,  De Faveri, D.M. 
(2008). Cellulose and Hemicelluloses Recovery 
from Grape Stalks. Bioresource Technology, 
99: 4329-4337. 
[6]  Kim, K.H. & Hong, J. (2011). Supercritical 
Carbon Dioxide Pretreatment of Lignocellu-
loses Enhances Enzymatic Cellulose Hydroly-
sis. Biosource Technology, 77: 139-144. 
[7]  Feng, L. And Chen, Z. (2008). Research Pro-
gress on Dissolution and Functional Modifica-
tion of Cellulose  in Ionic Liquids. Journal of 
Molecular Liquids, 142: 1-5. 
[8]  He, Z.,  Zhao, Z.,  Zhang, X., Feng, H. (2010). 
Thermodynamic Properties of New Heat 
P u m p  W o r k i n g  P a i r s :  1 , 3 -
Dimethylimidazolium Dimethylphosphate 
and Water, Ethanol and Methanol. Fluid 
Phase Equilibria, 298: 83-91. 
[9]  Zhu, Z., Zhu, M., Wu, Z. (2012). Pretreatment 
of Sugarcane Bagasse with NH4OH–H2O2 and 
Ionic Liquid for Efficient Hydrolysis and Bio-
ethanol Production. Bioresource Technology, 
119: 199-207. 
[10]  Luan, Y.,  Zhang, J.,  Zhan, M.,  Wu, J.,  
Zhang, J.,  He, J. (2013). Highly Efficient 
Propionylation and Butyralation of Cellulose 
in an Ionic Liquid Catalyzed by 4-
Dimethylminopyridine. Carbohydrate Poly-
mers,  92: 307-311. 
[11]  Zhao, H., Jones, C.L., Baker, G.A., Xia, S., 
Olubajo, O.,  Person, V.N. (2009). Regenerat-
ing Cellulose From Ionic Liquids for an Accel-
erated Enzymatic Hydrolysis, Journal of Bio-
technology, 139: 47-54. 
[12]  Delarosa,  S.M., Campos-Martin, J.M., Fierro, 
J.L.G. (2012). High Glucose Yields from the 
Hydrolysis of Cellulose Dissolved in Ionic Liq-
uids. Chemical Engineering Journal, 181- 
182: 538-541. 
[13]  Tao, F., Song, H., Chou, L. (2011). Hydrolysis 
of Cellulose in SO3H-Functionalized Ionic Liq-
uids. Bioresource Technology, 102: 9000-9006. 
[14]  Zhao, D., Li, H.,  Zhang, J., Fua, L.,  Liu, M., 
Fua, J., Ren, P. (2012). Dissolution of Cellu-
lose in Phosphate-Based Ionic Liquids. Carbo-
hydrate Polymer, 87: 1490-1494. 
[15]  Qiu, Z.  & Aita, G.A. (2013). Pretreatment of 
Energy Cane Bagasse with Recycled Ionic 
Liquid for Enzymatic Hydrolysis. Bioresource 
Technology, 129: 532-537. 
[16]  Renken, A.,  Hessel, V., Löb, P., Miszczuk, R., 
Uerdingen, M., Kiwi-Minsker, L. (2007). Ionic 
Liquid Synthesis in a Microstructured Reac-
tor for Process Intensification. Chemical Engi-
neering and Processing, 46: 840-845. 
[17]  Thomas, M.F.,  Li, L.L., Handley-Pendleton, 
J.M.,  Lelie, D.V.D.,  Dunn, J.J., Wishart, J.F. 
(2011). Enzyme Activity in Dialkyl Phosphate 
Ionic Liquids, Bioresource Technology, 102: 
11200-11203. 
[18]  Yang, F., Li, L., Li, Q., Tan, W., Liu, W., Xian, 
M. (2010). Enhancement of Enzymatic in Situ 
Saccharification of Cellulose in Aqueous-Ionic 
Liquid Media by Ultrasonic Intensification. 
Carbohydrate Polymers, 81: 311-316. 
 
Bulletin of Chemical Reaction Engineering & Catalysis, 10 (1), 2015, 22 
Copyright © 2015, BCREC, ISSN 1978-2993 
[19]  Datta, & Rathin. (1981). Acidogenic Fermen-
tation of Lignocellulose-Acid Yield and Con-
version of Components. Biotechnology and 
Bioengineering,  23:  2167-2170. 
[20]  Park, S., Baker, J.O.,  Himmel, M.E.,  Parilla, 
P.A., Johnson, D.K. (2010). Cellulose Crystal-
linity Index: Measurement Techniques and 
Their Impact on Interpreting Cellulase Per-
formance. Biotechnology for Biofuels, 3(10): 1-
10. 
 [21]  He, Y.,  Pang, Y.,  Liu, Y.,  Li, X.,  Wang, K. 
(2008). Physicochemical Characterization of 
Rice Straw Pretreated with Sodium Hydrox-
ide in the Solid State for Enhancing Biogas 
Production. Energy & Fuels, 22:  2775-2781. 
[22]  Moniruzzaman, M., and Ono, T. (2012). Ionic 
Liquid Assisted Enzymatic Delignification of 
Wood Biomass: A new ‘Green’ and Efficient 
Approach for Isolating of Cellulose Fibers. 
Biochemical Engineering Journal, 60: 156- 
160. 
[23] Lundquist, K., (1991). 1H-NMR spectral stud-
ies of lignins, Quantitatives estimates of some 
types of structural elements. Nordic Pulp and 
Paper Research Journal, 3, 140-146. 
[24] Wen, J.L., Sun, S.L., Xue, B.L., Sun, R.C. 
(2013).  Recent Advances in Characterization 
of Lignin Polymer by Solution-State Nuclear 
Magnetic Resonance (NMR) Methodology, 
Materials, 6, 359-391. 
[25]  Cao, S., Aita, G.M. (2013). Enzymatic Hy-
drolysis and Ethanol Yields of Combined Sur-
factant and Dilute Ammonia Treated Sugar-
cane Bagasse. Bioresource Technology, 131: 
357-364. 
[26]  Muhammad, N.,   Man, Z.,  Bustam, M.A.,  
Mutalib, M.I.A.,  Wilfred, C.D., Rafiq, S. 
(2011). Dissolution and Delignification of 
Bamboo Biomass Using Amino Acid-Based 
Ionic Liquid. Applied Biochemical Biotechnol-
ogy, 165: 998-1009. 
[27]  Qiu, Z., Aita, G.M., Walker, M.S. (2012). Ef-
fect of Ionic Liquid Pretreatment on The 
Chemical Composition, Structure and Enzy-
matic Hydrolysis of Energy Cane Baggase. 
Bio Resource Technology, 117: 251-256. 
[28]  Wang, Y., Zhao, Y.,  Deng Y. (2008). Effect of 
Enzymatic Treatment on Cotton Fiber Disso-
lution in NaOH/Urea Solution at Cold Tem-
perature. Carbohydrate Polymers, 72: 178-
184. 
[29]  Sun, Y., Zhuang, J., Lin, L., Ouyang, P. 
(2009). Clean Conversion of Cellulose into 
Fermentable Glucose. Biotechnology Ad-
vances, 27: 625-632. 
[30]   Sghaier, A.E.O.B., Chaabouni, Y., Msahli, S., 
Sakli, F. (2012). Morphological and crystalline 
characterization of NaOH and NaOCl treated 
Agave americana L. fiber, Industrial Crops 
and Products,  36: 257-266. 
[31]  Xiao, W.,  Yin, W., Xia, S., Ma, P. (2012). The 
Study of Factors Affecting the Enzymatic Hy-
drolysis of Cellulose After Ionic Liquid Pre-
treatment. Carbohydrate Polymer, 87: 2019-
2023. 
[32]  Van Dam., J.E.G, Martien J.A. van den 
Oever.,  Keijsers, E.R.P., Van der Putten, 
J.C.,  Anayron, C., Josol, F.,Peralta, A.C. 
(2006). Process for Production of High Den-
sity/High Performance Binderless Boards 
from Whole Coconut Husk Part 2: Coconut 
Husk Morphology, Composition and Proper-
ties. Industrial Crops and Products, 24: 96-
104. 
[33]  Miller, G.L. (1959). Use of Dinitrosalicylic 
acid Reagent for Determination of Reducing 
Sugar. Analytical Chemistry, 31(3): 426-428. 
[34] Li, Q., He, Y.C., Xian, M.,  Jun, G., Xu, X., 
Yang, J.M., Li, L.Z. (2009). Improving Enzy-
matic Hydrolysis of Wheat Straw Using Ionic 
Liquid 1-Ethyl-3-Methylimidazolium Diethyl 
Phosphate Pretreatment. Bioresource Tech-
nology, 100: 3570-3575. 
[35] Kumar, R.,  Singh, S.,   Singh, O.V. (2008). 
Bioconversion of lignocellulosic biomass: bio-
chemical and molecular perspectives. Journal 
of Industrial Microbiology & Biotechnology, 
35: 377-391. 
[36]  Auxenfans, T., Buchoux, S., Djellab, K., 
Avondo, C., Husson, E., Sarazin, C. (2012).  
Mild Pretreatment and Enzymatic Saccharifi-
cation of Cellulose With Recycled Ionic Liq-
uids towards One-Batch Process. Carbohy-
drate Polymers, 90: 805-810. 
[37]  Yuan, T.Q., Wang, W.,  Xu, F., and Sun, R.C. 
(2013). Synergistic Benefits of Ionic Liquid 
and Alkaline Pretreatments of Poplar Wood. 
Part 1: Effect of Integrated Pretreatment on 
Enzymatic Hydrolysis, Bio Resource Technol-
ogy, 136: 345-350. 
[38]  Su, C.H., Chung, M.H., Hsieh, H.J., Chang, 
Y.K., Ding, J.C., and Wu, H.M. (2012). Enzy-
matic Hydrolysis of Lignocellulosic Biomass 
in Ionic Liquid Media for Fermentable Sugar 
Production, Journal of the Taiwan Institute of 
Chemical Engineers, 43: 573-577. 
[39]  da Silva, A.S., Inoue, H., Endo, T., Yano, S., 
Bon, E.P.S. (2010). Milling Pretreatment of 
Sugarcane Bagasse and Straw For Enzymatic 
Hydrolysis and Ethanol Fermentation. Biore-
source Technology, 101: 7402-7409. 
[40]  Sen, S.M., Binder, J.B., Raines, R.T., 
Maravelias, C.T. (2012). Conversion of bio-
mass to sugars via ionic liquid hydrolysis: 
process synthesis and economic evaluation. 
Biofuels, Bioprod. Bioref, 6: 444-452. 
 
Bulletin of Chemical Reaction Engineering & Catalysis, 10 (1), 2015, 23 
Copyright © 2015, BCREC, ISSN 1978-2993 
[41] Konda, N.M., Shi, J., Singh, S., Blanch, H.W., 
Simmons, B.A., Marcuschamer, D.K. (2014). 
Understanding cost drivers and eco-nomic po-
tential of two variants of ionic liquid pretreat-
ment for cellulosic biofuel production. Biotech-
nology for Biofuels, 7(86):1-11. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
